ULTIMATE is an instrument concept under development at the AAO, for the Subaru Telescope, which will have the unique combination of ground layer adaptive optics feeding multiple deployable integral field units. This will allow ULTIMATE to probe unexplored parameter space, enabling science cases such as the evolution of galaxies at z ∼ 0.5 to 1.5, and the dark matter content of the inner part of our Galaxy.
INTRODUCTION
ULTIMATE is an instrument concept under development at the AAO to provide an multi-object deployable integral field unit for the Subaru Telescope. ULTIMATE will use Starbugs to position between 7 and 13 IFUs over a 14 × 8 arcmin field-of-view, provided by a new wide-field corrector. Each IFU will consist of fore-optics feeding a 61 element hexagonally packed microlens array, providing a pupil image onto a fibre array. These components will be housed in a Starbug positioner, a semi-autonomous robotic positioner, that moves over a field plate at the f/12 Cassegrain focus. All Starbugs can be positioned simultaneously, to an accuracy of better than 5 milli-arcsec within the typical slew-time of the telescope, allowing for very efficient re-configuration between observations. Each microlens will subtend 0.15 arcsec on the sky.
The instrument concept has a phased approach which will begin with the IFUs feeding either the near infrared spectrograph nuMOIRCS (an upgrade to MOIRCS 1 ), or the visible/ near-infrared PFS spectrograph, 2 or both. The instrument is designed to be compatible with the planned ground layer adaptive optics system (GLAO) at Subaru, but can be used independently and prior to this. Subsequent stages will upgrade the spectrograph to increase the throughput, support an increased number of IFUs and support OH suppression fibres. This paper discusses the Phase 1 concept, comprising the science case ( §2), the optical design for the IFU and fore-optics ( §3), and the performance model ( §4). 
SCIENCE CASE AND DESIGN REQUIREMENTS
The main instrument parameters are given in Table 1 , which have been derived from the following science cases.
Galaxy evolution
Large integral field spectroscopic surveys, such as CALIFA, 3 SAMI 4, 5 and Manga, 6, 7 are now extending our understanding of the processes which drive galaxy evolution in the local Universe, such as feedback, gas infall, and the role of the environment. These integral field surveys go beyond the large spectroscopic surveys such as 2dFGRS 8 and SDSS, 9 which are limited to measure the integrated properties of galaxies, due to the finite size of the fibres used.
Progress in extending these types of observations to the distant universe, where galaxies are much younger, has been slower, because existing instruments either lack the spatial resolution (KMOS/VLT 10 ) to match what can be done in the local universe, or can only target one object at a time (SINFONI/VLT, 11 MUSE/VLT,
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OSIRIS/Keck 13 ). ULTIMATE is an instrument that overcomes both of these limitations.
One of the primary goals of ULTIMATE is a survey of 3000 galaxies spread over three epochs, z = 0.6, 0.9 and 1.4, essentially providing a high redshift equivalent of the SAMI survey, see Table 2 .
The aims of this survey will be (i) to measure and understand the effects of feedback, e.g. identifying AGN, outflows, and other kinematic signatures, see Figure 1 ; (ii) to measure and understand the causes of starformation quenching, e.g. measuring the star-formation rates across galaxy discs, and identifying material being swept out of discs; (iii) to measure and understand the effects of accretion, e.g. measuring metallicity gradients and diagnostic emission line ratios; (iv) to measure and understand the causes of galaxy transformations, e.g. measuring the internal kinematics of galaxies. Note that all of these projects can be addressed through emission line measurments alone.
Dark matter in the inner 2 kpc of the Milky Way
The second aim of ULTIMATE focuses on Galactic science, specifically measuring the dark matter content of the inner Galaxy. The question of the Milky Way's dark matter potential is evolving from one of speculation and order-of-magnitude estimates to being that of a precision science. A 4% measurement of the enclosed baryonic+dark mass has recently been achieved by modelling large-scale conventional radial velocity survey data along with spatial density data from photometric surveys. We propose to complete the mapping of the dark matter potential from 2.0 kpc down to 0.1 kpc, by combining parallaxes and proper motions from the upcoming WFIRST 15 Galactic bulge microlensing campaign with radial velocities from ULTIMATE. 14 An SDSS image of the galaxy is shown on the left. The dashed red circle corresponds to the SAMI FoV. Results from the SAMI observations are shown on the right. In the top row, the intensity of H-alpha emission, and the velocity and velocity dispersion of the H-alpha-emitting gas are plotted. Note the twisted rotation curve and the increasing size of the velocity dispersion as one moves away from the disk. Note also the change in line ratios in the bottom row. Both are indicative of a turbulent outflow of material that is, in this case, being driven by star formation in the disk of the galaxy. ULTIMATE will extend such observations to 0.5 ≤ z ≤ 1.5.
The stellar populations in the WFIRST Galactic bulge fields will have a wealth of information including parallax, proper motion, colour, and sometimes asteroseismic mass and gravity. For stars brighter than H = 19, the expected precision on parallaxes will be greater than 10%, in addition to an expected precision of 0.3% or better in the proper motions. 16, 17 This means five dimensions of kinematics for a huge sample of stars densely spanning the Galactocentric distance range 0.1 -4.0 kpc. The missing kinematic component is radial velocity, which can easily be measured with spectra from ULTIMATE.
The typical extinction toward the field is A V ≈ 6.5, reaching values as high as A V ≈ 22. 18, 19 In contrast, the extinction toward those sightlines are typically 5× smaller in J band, 9× smaller in H band, and 16× smaller in K-band. 19, 20 Thus, proper spectroscopic follow-up of these fields require infrared spectroscopy.
Subsidiary science cases include measuring the Milky Way's star-formation history. ULTIMATE will provide spectroscopy to yield metallicities, which when combined with the asteroseismic measurements of WFIRST will calibrate the age-metallicity relation. This will allow the determination of accurate ages for bulge stars, and disc stars between the Sun and the bulge, and even on the other side of the Galactic disk. Similarly, ULTIMATE spectra of giant stars observed by WFIRST will provide an unparallelled opportunity to test the theoretical dependence of asteroseismic oscillations on metallicity.
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Note that these Galactic science cases do not rely on GLAO, nor on spatially resolved spectra. Therefore the spectra from the IFUs will be integrated over the required aperture to yield the radial velocities and metallicities.
INSTRUMENT DESCRIPTION
ULTIMATE is an upgrade to the MOIRCS spectrograph on the Subaru Telescope, to enable multi-object integral field spectroscopy. It is designed to be compatible with the GLAO system, but can be used independently and prior to this. For the purposes of this report the instrument is considered to consist of four main sub-systems, as shown in the block diagram in Figure 2 . These are, Each sub-system consists of various sub-components, as described in detail below.
Briefly, the instrument operates as follows. The wide field corrector corrects the astigmatism of the RitcheyChrétien telescope, and provides a telecentric input into the IFU optics. Deployable IFUs are positioned on a field plate at the corrected Cassegrain focal plane of the telescope. The IFUs are positioned using robotic Starbug positioners. These can move independently of one another and over a large patrol distance, enabling efficient and versatile configuration of the IFUs. Each Starbug contains a single IFU, consisting of a hexagonally packed array of 61 hexagonal lenslets. Each lenslet subtends 0.15 arcsec on the sky (from flat-to-flat), giving a total field of view per IFU of 1.18 sq. arcsec. The IFUs image the pupil onto cores of a fibre array, and thereby feed the bench mounted spectrograph via a fibre cable, which terminates in a slit unit, which is housed, and cooled within the MOIRCS fore-dewar.
The main parameters for the instrument design are given in Table 1 . Justification for these parameters may be found in the detailed instrument description below and in the science case outlined in section 2.
Wide field corrector unit
The wide field corrector unit consists of the wide field corrector itself and a field plate on which the Starbugs are located, see Figure 3 . The wide field corrector (WFC) has two functions. First, it corrects the astigmatism of the Ritchey-Chrétien focus over a 15 arcmin diameter field-of-view. Secondly, it provides a telecentric input for the IFU optics. Note that the Ritchey-Chrétien telescope is designed to deliver a wavefront with no spherical aberration or coma, and these properties are preserved by the WFC. The curvature of the field remains uncorrected, but is accommodated by use of a curved field plate ( §3.1.2). The telecentric injection into the IFU optics ensures that the geometric focal ratio degradation of the fibre injection is minimised, see section 3.3.2. The WFC does not provide any atmospheric dispersion correction. The atmospheric dispersion in arcsec at Mauna Kea from Zemax models is given in Table 3 .
Thus, for an IFU diameter of ≈ 1.35 arcsec (see §2) atmospheric dispersion could in principle be corrected post hoc. The WFC delivers excellent image quality across the entire field of view across all MOIRCS spectroscopic bands, J, H and K, see Figure 3 .
Field plate
The field plate provides a surface for the Starbugs to move around the focal plane. The field plate is curved to accommodate the Petval curvature of the telescope focus ( § 3.1.1), ensuring that there is no defocus across the patrol field. The size of the field plate is comparable to the size of the WFC lenses. Thus the field plate can be manufactured along with the WFC using conventional techniques.
Starbugs unit
The IFUs will be positioned on the field-plate using Starbugs positioners, [22] [23] [24] developed at the AAO. This technology has undergone extensive development for the TAIPAN instrument [25] [26] [27] being built for the UK Schmidt Telescope. The Starbugs for ULTIMATE are based on these designs.
A schematic diagram of the Starbugs Unit is shown in Figure 4 . The unit consists of (i) the Starbugs themselves, which house the fore-optics; (ii) a "bug catcher", which performs the initial positioning of the Starbugs on the field plate at the start of observing; (iii) a connector plate which comprises the connectors for the high voltage, vacuum and metrology fibre connections; (iv) the electronics system, (v) the vacuum system, and (vi) the metrology camera.
Each Starbug contains one IFU, and is positioned simultaneously and independently from the others. The positional accuracy of Starbugs is better than 5 µm, corresponding to 10 milli-arcseconds on sky, and typical reconfiguration times are achievable within the time taken to slew the telescope.
For a Cassegrain instrument such as ULTIMATE, the Starbugs will be located on the underside of the fieldplate. The Starbugs adhere to the glass by creating a negative pressure within the Starbug body, which is routed from an external vacuum system.
The principle of operation of a Starbug is illustrated in Figure 5 . Each Starbug consists of two coaxial piezoelectric tubes. The fore-optics and IFU are housed within the central tube as discussed below. The Starbug is made to walk by electronically controlling the piezo-tubes such that they extend, contract and bend as shown by the sequence in the middle panel of Figure 5 .
Precise closed loop control of directional and rotational motion is enabled by an on-axis metrology camera, which observes three backlit metrology fibres (fiducials) on each Starbug, as shown in Figure 6 . The IFU axis is defined with respect to these metrology fibres. Additionally there are a number (≈ 16) of circumferential fiducials on the glass field-plate. Thus, fine positioning is then achieved while the telescope is on target by referencing Proc. of SPIE Vol. 9908 99081Q-7 the Starbug fiducials to the field-plate fiducials. Acquisition is then achieved by aligning guide bundles to guide stars.
Each ULTIMATE Starbug will contain the fore-optics, microlens array and fibre array for one IFU (see § 3.3). These optics will be aligned and glued into position in a stainless steel tube as shown in Figure 7 . This tube can then be inserted into the Starbug, using a precision fit between the tube and a corresponding payload dock in the Starbug. The open top of the Starbug allows the vacuum tube, the three metrology fibres, seven wires and the payload bundle to hang down separately from the inverted Starbug. This concept allows the entire optics tube to be removed and replaced within the payload dock. This design feature allows the rather high value optics of the IFU unit to be seperable from the Starbug itself.
The proposed Starbugs for ULTIMATE will require design development for the increased holding force required compared to the existing TAIPAN technology. An increased holding force is required because the payload consisting of fore-optics and IFU is heavier, than the single fibres used for TAIPAN, and additionally the fibre bundle is more rigid. The holding force is proportional to the cross sectional area between the outer tube and the inner tube, to which the vacuum is applied, and to the pressure differential between the atmospheric pressure and vacuum supplied. The pressure differential available at the altitude of the Subaru telescope is approximately 60% of that available at the UK Schmidt Telescope due to the difference in elevation. A prototype Starbug with a 12 mm diameter will achieve twice the holding force compared to TAIPAN. This defines the baseline design for initial testing. This diameter will be increased or decreased as required during prototyping to ensure sufficient holding force at the simulated altitude. The resulting diameter will determine the final separation between IFUs. A 12mm Starbug results in a separation distance between IFUs of 25 arcsec when implemented on the SUBARU telescope.
If the separation between IFUs is required to be minimised, there are future design possibilities to mount the payloads externally to the Starbug, thus enabling Starbugs to be positioned contiguously. 
Integral Field Unit
ULTIMATE will have ≈ 13 IFUs, which are housed within and positioned by the Starbugs ( § 3.2). Each integral field unit consists of three main components, the fore-optics, the lenslet array, and the fibre array.
The fore optics
The fore-optics magnify the beam from the telescope to provide an appropriate plate scale for the lenslet array. In principle one could place the lenslet array directly at the focal plane of the WFC. For the plate scale at the field plate of 2.083 arcsec/mm this results in a lenslet width of 72 µm for a sampling of 0.15" per lenslet. However, there are advantages to a larger physical lenslet size. Most fundamentally, a large lenslet size compared to the fibre core diameter minimises shifts in the pupil image and geometric focal ratio degradation. 28 Secondly, arrays of 72 µm lenslets are not readily available from manufacturers and are likely to be expensive and to pose a significant risk in meeting the required specifications. In particular the fill factor for microlens arrays with a pitch < 100 µm will be < 80%. Thirdly the AAO has significant experience working with larger lenslets, having used a 40 × 25 250 µm lenslet array for KOALA, 29 and with similar arrays for PRAXIS 30 and GHOST.
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Additionally the use of fore-optics has advantages other than its effect on lenslet size. First, the spatial sampling of the IFUs could be changed by changing the fore-optics, without changing the lenslet array. Secondly, the use of fore optics allows one to incorporate a pupil stop to minimise thermal emission and stray-light.
A ray diagram for the ULTIMATE fore-optics is shown in Figure 8 . The fore optics consist of two planoconvex lenses that are bonded together. The planar face of the second lens will be coated in a low emissivity material in order to create a pupil stop at the interface between the two lenses. Additionally the outer surface of the second lens will also be coated in low emissivity material in order to shield thermal and stray light from within the Starbug. 
Lenslet array
The lenslet array samples the image in order to provide spatially resolved spectroscopy. There several advantages to using a lenslet array for the sampling, over using a bare fibre array. A lenslet array provides a contiguous field of view with high fill-factor, as it is unaffected by the cladding of the fibres, which otherwise create dead space in the array. A lenslet array allows the formation of a pupil on the face of the fibre. Both the size of the pupil, and the focal ratio can then be chosen so as to optimise the coupling efficiency into the fibre.
In the case of ULTIMATE a 250 µm pitch hexagonally packed lenslet array with 61 elements will be used. Each lens subtends an angle of 0.15" on the sky, measured from flat-to-flat. The design of the fore-optics and microlens array follows from these constraints. These optics have been designed and optimised using Zemax, giving a lens size (flat-to-flat) of d = 29 µm. Therefore the fibre core diameter must be larger than 29 µm to allow for slight misalignment, and still capture the entire pupil image. However, oversizing the fibres also increases the amount of thermal emission captured by the fibre, see section 4.2. N.B. the size of the pupil image formed on the fibre is fixed, and is independent of the microlens diameter.
Using a single microlens can lead to geometric focal ration degradation, where the off-axis light has a higher angle of incidence at the fibre face, equivalent to feeding the fibres at a faster focal ratio. For 250 µm lenses and a 35 µm core, the focal ratio is increased by a factor of 1.14, i.e. the amount of geometric FRD is small, due to the fact that the microlens diameter is significantly greater than the fibre core diameter, and thus not a signifcant problem for ULTIMATE.
Fibre Array
The microlens array will be bonded to a fibre array. The fibre array will consist of multi-bore ferrule at the same pitch (250 µm) as the microlens array, and precisely aligned to it, with accurate fibre to fibre pitch, alignment and tilt.
Fibre cable 3.4.1 Fibre type
It is necessary to have a fibre core diameter of ≈ 35 µm such that the pupil image formed by the microlens array is wholly within the core, with some room for misalignment (±3 µm) ( §3.3.2). The cladding should be less than 120 µm to accommodate the 61 fibres of each of 13 IFUs along the slit. For good transmission at λ < 1.8 µm, it is necessary to use a low OH fibre, e.g. Polymicro FI or CeramOptec Optran Ultra WFGE, see Figure 9 .
K band fibres. An alternative to the low OH silica fibres discussed above is to use ZBLAN fluoride fibres to extend the transmission of the fibres into the K band. Historically, K band fibres have seen only limited use in astronomical applications because of poorer transmission and fragility of the fibres. However, recent developments now make these fibres a viable option. ZBLAN fibres consist of a family of fluoride glasses, viz. ZrF 4 , BaF 2 , LaF 3 , NaF, and AlF 3 . The cross-over between the Rayleigh scattering losses and the multi-phonon absorption losses occurs at ≈ 2.5 µm; thus ZBLAN fibres have their best transmission in the K band. Figure 9 shows the measured transmission of a ZrF 4 made by Le Verre Flouré.
Bare ZBLAN fibre is more fragile than bare silica fibre. When the fibre is packaged in a acrylate buffer, ZBLAN fibre can be handled just as simply as silica fibre; however, special care may be needed in the handling of the fibre ends, e.g. inserting fibres into ferrules at the fibre array, or into V-grooves at the fibre sit.
Tests made at Le Verre Flouré for the SPirou instrument, 32 using a 90/150 µm fibre, measured losses of ≈ 15% due to FRD at λ = 2.5 µm, when injecting at f/4. Assuming the output of the fibre is a filled top hat this equates to an increase in the beam speed to ≈ f/3.7. At shorter wavelengths the losses due to FRD are smaller, dropping to ≈ 11% at 1 µm. We note that both the SPirou project and the OHANA 33 project are using ZBLAN fibre from Le Verre Flouré. The former project requires very similar fibres to those needed for ULTIMATE; 30 m length, ≈ 30 µm core diameter. In summary K band fibres appear to be very promising, but laboratory tests are necessary to gain experience and understanding of their properties.
Conduit and Furcation tubes
The fibres will be protected in a series of different housings. The fibres themselves will have a protective acrylate jacket; furcation tubes will protect groups of 30 -40 fibres; the furcation tubes will be protected in a conduit. Both the individual furcation tubes and the conduit must not be more than ≈ 50% full, so as not to place unnecessary stress on the fibres during bends etc.
Furcation tubes. The ULTIMATE slit will be composed of slitlets with 30 -40 fibres each (see section 3.4.3) We will therefore house each group of 30 -40 fibres from an individual slitlet in an individual furcation tube. The furcation tubes must be large enough that the fibres take up no more than 50% of the cross-sectional area. For a fibre with a buffer of outer diameter 200 µm, the diameter of furcation tubes must be at least 1550 -1790 µm. FT38 furcation tubing with an inner diameter of 1.8 mm meets this criterion, and can be used for ULTIMATE. This furcation tubing has an outer diameter of 3.8 mm on the outer sheathing which is strengthened with Kevlar strands, and was used for the KOALA instrument.
Conduit. The furcation tubes will be protected in a conduit, e.g. a Triflex TRC, with which the AAO has good experience having using the same type with the AAOmega and KOALA fibre cables. A TRC.40 cable with 20 FT38 furcation tubes has a filling ratio of 0.3, meeting the criterion of less than 50%.
Slit Unit
The purpose of the slit unit is to align the fibres with the MOIRCS entrance slit, and to convert the output back to an f/12.4 telecentric beam. The slit relay optics magnify the fibre core from fibre slit to the aperture mask, then the spectrograph optics de-magnifies the mask image so that each fibre is matched to 2 pixels on the MOIRCS CCD assuming 18 micron square pixels. The slit unit will consist of a number of identical slitlets, each containing 30 -40 fibres, each of which feeds its own set of reimaging optics; see Figure 10 . Each set of slit lenses is designed for a single spectrograph channel. The entire slit unit will be housed in the MOIRCS fore-dewar, which the fibres enter via a vacuum feed-through. This will minimise thermal emission from the slit blocks and relay optics.
The slitlet reimaging lenses are mounted into a block of V-grooves. All the fibre slitlets and all lenses will be bonded to the slit block using cryogenic compatible glue. The output of the fibres is reimaged onto a mask which follows the curvature of the focal surface of the Subaru telescope (∼2425 mm convex toward the spectrograph). The mask is then reimaged onto the collimator via two fold mirrors, see Figure 11 . The image in the aperture of the mask is oriented along the spatial direction of MOIRCS spectrograph above the roof mirror. The arrangement for the second MOIRCS channel is symmetric with respect to the axis of symmetry (red).
Contamination from adjacent fibres. The contamination of adjacent fibre traces depends on the point spread function of the spectrograph. In practice this will vary from fibre to fibre, depending on the position on the sky, and on FRD, and should be measured. For now we assume that the PSF of MOIRCS is symmetric, and can be modelled by the addition of a Gaussian and a Lorentzian; 34 further we assume that the FWHM of the Gaussian is directly proportional to the fibre core size, and the separation between the fibre traces on the detector is directly proportional to the fibre spacing along the slit, with the same constant of proportionality. Thus the contamination from adjacent fibres may be found by integrating over a particular fibres trace. For a core size of d = 35 µm, we show the cross-talk for adjacent fibres as a function of separation along the slit in Figure 12 ; also shown is the cross-talk between next-nearest neighbours. For fibres spaced more than 80 µm, the cross-talk is below 1%. For next nearest neighbours the cross-talk is always below 0.4%. The signal from each fibre can be de-convolved. Therefore a minimum spacing of 80 µm is adopted, which allows 13 Starbugs to be placed along the slit with a separation of 5 pixels between the centres of each fibre trace on the detector. 4. EXPECTED PERFORMANCE
Throughput
We have modelled or estimated the throughput from each component of ULTIMATE, as a function of wavelength. Figure 13 shows the cumulative throughput after each component as a function of wavelength. The final total throughputs at 1.2, 1.6 and 2.2 µm are given in Table 4 . We give the throughputs for both the standard fibre and for the ZBLAN K band fibre.
Thermal model
ULTIMATE contains many optical elements which are not cooled, including the WFC, the fore-optics, the IFU and the fibre cable. It is important to characterise the thermal emission from these components to enable accurate sensitivity models.
We assume each component of the instrument emits black body radiation, characterised by a temperature, T , and an emissivity, . The emission from each component is multiplied by the throughput of each component down stream, and by the limiting AΩ product of all the down-stream components. The AΩ product is the collecting area of each component multiplied by the solid angle accepted by it, e.g. for an optical fibre the collecting area is determined by the core diameter, and the solid angle by the NA of the fibre. By "limiting AΩ product" we mean the smallest AΩ product of those down stream components which accept the light from the component in question. E.g., the next component after the microlens is the fibre, which accepts a large AΩ from the emission from the microlens; but the AΩ of the emission from the microlenses is actually limited by the pupil stop in the relay optics, hence this is the limiting AΩ product. In fact, the emission from all components upstream of the fore-optics is limited by the AΩ of the pupil stop in the fore optics; likewise, emission from all components downstream of the fore-optics all emission is limited by the stop in the relay optics. In this way the resulting thermal spectrum arriving at the detector, of each component is found. Furthermore, dominant components can be identified, and if possible their emissivity or temperature can be controlled to minimise the emission from them. The emissivity of each component is taken to be = 1 − R − η, where R is the reflectance and η is the throughput of each. Taking into account the AΩ etendue and the throughput of the down-stream components, we have calculated the thermal background at the detector. Figure 14 shows the thermal background for each component.
Sensitivity 4.3.1 Background
The background emission for ULTIMATE observations will consist of three broad components, viz., the sky (including atmospheric emission and astronomical emission), the thermal emission of the instrument (discussed in section 4.2), and detector noise. The thermal emission has been discussed in detail above. We will now briefly review our assumptions for the sky emission and the detector emission.
Sky background. The sky background consists of the atmospheric emission lines, mainly from OH, the zodiacal scattered light, and an unidentified interline component. Other contributions, e.g., scattered moonlight, are negligible. We have modelled the OH emission using the atlas of Rousselot (2000) , 35 with the line strengths calibrated to the observations of Maihara (1993) . 36 The zodiacal scattered light is modelled from the COBE DIRBE observations of Kelsall (1998) . 37 For more details see Ellis & Bland-Hawthorn (2008) . 34 In addition to the model of Ellis & Bland-Hawthorn (2008) we include an as yet unidentified interline component of ≈ 560 ph s −1 m −2 µm −1 arsec −2 , such that the total interline continuum including the ZSL matches the canonical measurement of Maihara (1993) .
Detector emission. ULTIMATE will use the upgraded nuMOIRCS incorporating a Hawaii-2RG detector with ASIC sidecar controller. The dark current for such detectors is expected to be < 0.01 e − s −1 pix −1 . The effective readout noise using Fowler or up-the-ramp sampling is expected to be ≈ 4 e − pix −1 .
Total background. We have calculated the total background counts per pixel per second for J and H band observations assuming spectral resolving powers of R = 3000 and that the FWHM is sampled by 2.5 pix. Figure 15 shows the components and total background; in addition there will be a read out noise of be ≈ 4 e − pix −1 , assuming Fowler or up-the-ramp sampling.
Target surface brightnesses
One of the primary science cases of ULTIMATE requires the detection of emission lines in the discs of galaxies at redshifts 0.4 < z < 1.7. Assuming the Kennicutt (1998) 38 relations between star-formation rate and Hα luminosity, we have calculated the surface brightness of the Hα line as a function of redshift for star-formations rates of 3, 10 and 30 M yr −1 , assuming that the emission is uniformly distributed over a disc 8 kpc in radius. Figure 16 shows the resulting surface brightnesses.
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Signal-to-noise
We will assume typical surface brightness of targets of 1 × 10 (N.B. we now use a fixed surface brightness, and not a fixed star-formation rate). Further assuming a typical line width of Gaussian FWHM = 0.5 nm, we have calculated the signal-to-noise as a function of time and wavelength. Figure 17 shows the signal to noise per spaxel integrated over the emission line width for 1 hour on source.
